INTRODUCTION
Protein-protein interactions (PPIs) are of fundamental importance to almost all biological processes. In accordance with a "guilt by association" paradigm, two proteins that interact with one another are also likely to be involved in related cellular functions, and therefore the discovery of novel PPIs provides an avenue toward improving our understanding of cellular biology. Many different techniques are available for the experimental investigation of PPIs, but two techniques stand out for their adaptability to high-throughput application: affinity purification followed by mass spectrometry analysis and the two-hybrid technology. These two approaches are complementary in nature; the former allows the identification of the individual components of large protein complexes, whereas the latter identifies binary interaction information about two partners, often associated with information about a minimal interacting domain.
Although many versions of the twohybrid technology have been described and successfully applied, the nuclear yeast two-hybrid (Y2H) assay remains by far the most useful and widely used, especially for high-throughput analyses of higher eukaryotic proteins. This system takes advantage of the bipartite nature of site-specific transcription factors (1, 2) , whose DNA binding domain (DBD) and transcriptional activation domain (AD) still retain their activity when physically separated, and when brought back together in trans reconstitute a functional transcription factor. Interaction between one test protein fused to the DBD (bait) and a second test protein fused to the AD (prey) localizes the AD to the promoters of appropriate reporter genes, allowing the screening or selection of yeast expressing interacting test proteins (3) . Underlying the power and popularity of the nuclear Y2H system is that it is an in vivo genetic screening technology without requirements for biochemistry or any prior knowledge of the test proteins, it has high sensitivity with the potential to identify low affinity as well as transient interactions (4) , and it can be automated for high-throughput applications (5) (6) (7) (8) .
There are two main approaches for performing Y2H searches: (i) matrixbased systematic interaction screens and (ii) random AD library-based screens (9) . In a matrix-based search, individually defined proteins in DBD and AD expression vectors are tested against one another. This approach gained popularity with the advent of open reading frame (ORF) collections that are devoid of untranslated regions (UTRs) (10) (11) (12) . Because the identity of each clone is tracked throughout the experiment, the amount of sequencing necessary to identify a PPI is significantly reduced. On the other hand, the matrix approach requires large numbers of yeast mating operations or cotransformations, a requirement that can be somewhat condensed by using various pooling schemes (13) (14) (15) (16) (17) (18) (19) . This is likely because Y2H relies on the expression of fusion proteins in yeast, which can affect the folding, threedimensional (3-D) structure, stability, and subcellular localization of the test proteins. A priori, it is not possible to predict which amino acid coordinates are required for an interaction to occur in the Y2H system, and it is best to search multiple, overlapping constructs for each protein (18, 19) . In typical Y2H library screens, individual bait constructs are screened against AD libraries that constitute large (10 6 -10 7 ), random collections of preys (19) (20) (21) . For organisms with intron-less genes, libraries can be constructed from randomly fragmented genomic DNA (7, 22) . Libraries constructed from genomic DNA are expected to contain every gene with no over-or underrepresentation, and these libraries are referred to as normalized. For most eukaryotic organisms, libraries are constructed using poly(A) + RNA as input material, which, in contrast to genomic DNA, results in gene representation corresponding to expression levels in the source tissue. The ideal human Y2H library would contain every human protein-coding isoform in a full-length form as well as all possible partial fragments, each represented at equal copy number. Although the human proteome is extensive, mostly due to alternative splicing of the estimated 20,000+ human protein-coding genes (23), we can look forward to the day when every human protein isoform will be defined and comprehensive protein-coding clone collections will exist. Various efforts are currently under way toward this goal, for human transcripts as well as transcripts from other mammalian organisms (11, 24) .
Here we present a versatile strategy for the construction of clone-derived Y2H libraries that contain inserts encoding both randomly fragmented as well as full-length proteins [random and full-length (RAFL) libraries]. We constructed and tested a RAFL library against a defined set of baits that had previously been screened against multiple Y2H cDNA libraries. This effort resulted in the discovery of novel prey-interactors as well as in the confirmation of previously retrieved, expected interactors.
MATERIALS AND METHODS

Protein-coding Clones
All Mammalian Gene Collection (MGC) clones were acquired from ATCC (Manassas, VA, USA). Plate IDs of the 183 plates were IRAT01-86 and IRAU01-97. Inserts are in four different plasmid vectors: pBluescriptR, pCMV-SPORT6, pDNR-LIB, and pOTB7.
Library Construction
Standard recombinant DNA technologies were used (25) .
PCR amplification of MGC clones and E-Gel analysis. All PCRs were performed in 10-μL reactions that contained 0.5 μM each primer, 0.5 ng template DNA, 2% dimethyl sulfoxide (DMSO), and one of the following high-fidelity PCR DNA polymerases: 0.05 U/μL PfuUltra I DNA polymerase (Stratagene, La Jolla, CA, USA), 0.01 U/μL Phusion DNA polymerase (New England Biolabs, Ipswich, MA, USA), or 0.025 U/μL PrimeSTAR DNA polymerase (Takara Bio, Otsu, Japan). The eight vector-specific PCR primer sequences are listed in Table 1 . The PCR cycling profiles for reactions containing PfuUltra I DNA polymerase were 5 min at 95°C, followed by 20 cycles of 30 s at 95°C, 30 s at 60°C (for pBluescriptR and pDNR-LIB), 63°C (for pCMV-SPORT6), or 61°C (for pOTB7), and then 7-9 min at 72°C. The PCR cycling profiles for reactions containing Phusion DNA polymerase were 30 s at 98°C, followed by 20 cycles of 10 s at 98°C, 30 s at 68°C (for pBluescriptR), 61°C (for pCMV-SPORT6), or 69°C (for pOTB7), and then 2 min at 72°C. The PCR cycling profiles for reactions containing PrimeSTAR DNA polymerase were 30 s at 98°C, followed by 20 cycles of 10 s at 98°C, 5 s at 60°C, and 9 min at 72°C. A 2-μL aliquot from each reaction was analyzed by agarose gel electrophoresis on a 1% E-Gel (Invitrogen, Carlsbad, CA, USA).
Only a small fraction of the total DNA obtained from the individual PCRs was needed for library construction. The bulk of the DNA was stored for future use; as additional protein-coding clones become available, they could be PCR-amplified and added to the existing clones to construct a library of increased complexity. 
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Nuclease BAL-31 digestion, random DNA fragmentation, adaptor ligation, and PCR amplification with tailed primers. An aliquot from each PCR-amplified clone was pooled, and the DNA mixture was size fractionated on a 1% NuSieve GTG preparative agarose gel (Lonza, Valais, Switzerland) to isolate four separate size fractions (0.3-1, 1-2, 2-3, and >3 kb). The approximate numbers of clones represented in each size fraction, calculated based on the MGCannotated insert sizes, were as follows: 2000 (0.3-1 kb, fraction B1), 7750 (1-2 kb, fraction B2), 4800 (2-3 kb, fraction B3), and 2400 (>3 kb, fraction B4). The DNA was purified from the gel using the QIAamp DNA Blood Midi kit (Qiagen GmbH, Hilden, Germany). Aliquots of 0.5 μg DNA from each size fraction were digested in 50-μL reactions using 0. For the full-length procedure, DNA from each of the four size fractions (referred to as L1-L4, shortest to largest) was further processed separately. The DNA was incubated with T4 DNA polymerase (Invitrogen) to generate blunt ends, purified using the MinElute Reaction Cleanup kit (Qiagen GmbH), and then ligated using T4 DNA ligase (Invitrogen) to annealed nonphosphorylated plus and minus strand adaptors (sequences in Table 1 ). After preparative agarose gel electrophoresis, the DNA was recovered using the QIAquick Gel Extraction kit (Qiagen GmbH). DNA tailing was achieved by PCR amplification with forward and reverse tailed primers (sequences in Table 1 ). A total of 96 PCRs were carried out in parallel for each of the four size fractions. Each 50-μL reaction contained 0.2 μM each primer, 0.25 ng template DNA, 2% DMSO, and 0.025 U/μL PrimeSTAR DNA polymerase. The minimum required number of cycles was determined beforehand by a cycle titration experiment. The PCR cycling profile consisted of 30 s at 98°C, followed by 30-35 cycles of 10 s at 98°C, 5 s at 60°C, and 1 min (L1) or 5 min (L2, L3, L4) at 72°C. After recovery from a preparative agarose gel, DNA from the four size fractions was mixed together by combining 0.2 μg L1, 1.0 μg L2, 1.0 μg L3, and 0.8 μg L4 to obtain pooled full-length DNA.
For the random fragment procedure, DNA from the three larger BAL-31 digested size fractions (B2-B4) was pooled at the following weight ratios: B2:B3:B4 = 1.4:1.4:1.0. This DNA was then randomly fragmented by sonication or by CviJI** digestion under atypical reaction conditions as described elsewhere (26) . DNA aliquots of 725 ng were sonicated with a Microson XL2007 Ultrasonic Cell Disruptor (Misonix, Farmingdale, NY, USA) at a setting of 1.5 for 2, 4, 6, 8, and 10 s. DNA aliquots of 1 μg were digested in 60-μL reactions with 0.033 U/μL CviJI (CHIMERx, Milwaukee, WI, USA) for 1, 2, 3, and 4 min. Following random fragmentation, the samples were processed as described for the full-length procedure. After adaptor ligation, the DNA was purified by preparative agarose gel electrophoresis, and the following four different size fractions were recovered: (S1) sonicated DNA 0.3-1.5 kb, (S2) sonicated DNA >1.5 kb, (C1) CviJI-digested DNA 0.3-1.5 kb, (C2) CviJI-digested DNA >1.5 kb. PCR amplification was performed as described for the full-length procedure, but with 32-38 cycles and 4-min extension times at 72°C for all fractions. After recovery from a preparative agarose gel, DNA from the random fragment fractions plus L1 were mixed together by combining 3.2 μg L1, 10.5 μg S1, 10.5 μg C1, 1.4 μg S2, and 1.4 μg C2 to obtain pooled random fragment DNA. For the largescale yeast transformation, pooled random fragment and pooled fulllength DNA were mixed together at a weight ratio of 9:1.
The library construction procedure that is described here generates libraries in which one out of six clones contains an insert that is in the correct orientation and frame.
Large-scale yeast transformation. Y2H libraries were generated by in vivo homologous recombination (27) through cotransformation of tailed insert DNA with linearized AD vector DNA into yeast strain BK100 (28) . Detailed yeast transformation protocols can be accessed elsewhere (29) . Briefly, a single yeast colony was inoculated into 100 mL yeast extract peptone dextrose (YEPD) and allowed to grow for 8 h. The suspension was then transferred to 3 L fresh YEPD and allowed to grow overnight until an A 600 of 1.0 was reached. The cells were washed with 50 mL water and then resuspended using 15 mL 0.1 M lithium-acetate, 10 mM Tris-HCl, pH 7.5, 1 mM EDTA. A 40-mL master 
Y2H Experiments
The Y2H searches were carried out as previously described (28, 30) . The median number of diploids (bait/ prey pairs) generated was 7 million (range, 1-17 million). Interacting bait and prey plasmids were transferred to Escherichia coli for purification, and the identities of the bait and prey sequences were confirmed by dideoxy sequencing of the isolated plasmid DNAs. The interactions were confirmed by relying upon a third reporter gene (lacZ). For this purpose, the purified bait and prey plasmids were cotransformed into naïve yeast, followed by the performance of liquid culture β-galactosidase assays using a chemiluminescent reporter gene assay system for the detection of β-galactosidase in yeast cell cultures (GalScreen System; Applied Biosystems, Foster City, CA, USA).
RESULTS AND DISCUSSION
Choice of Human Protein-coding Clone Collection
Several government, academic, and commercial groups have established growing collections of human proteincoding clones (11) . To construct our clone-derived Y2H library, we chose the MGC as a source of clones (24, 31, 32) . This collection was selected because it constitutes one of the largest existing collections of human full-length protein-coding clones, the clones are contained within a small number of different plasmid vectors, and the cost of obtaining the collection was reasonable. At the time this project was initiated, the MGC collection of readily available human-derived clones consisted of 183 96-well plates. This collection was annotated with a total of 17,024 accession numbers representative of 11,033 different human gene loci. According to the associated annotation, the median insert size of these clones is 1.8 kb, the median 5′-UTR length is 0.1 kb, and the median 3′-UTR length is 0.5 kb.
Generating Y2H libraries that are derived from a collection of clones provides the option to either include all clones contained within the collection or to selectively omit certain clones. Excluding clones that encode proteins known to interact nonspecifically in the Y2H system would yield fewer colonies encoding undesirable false positives in some searches and concomitantly reduce sequencing expense. On the other hand, proteins that sometimes behave as Y2H false positives also participate in genuine PPIs. In our experience, typically, only a certain portion of a protein acts as an Y2H false positive, whereas other regions of the same protein do not. Based on this reasoning, we did not purposefully exclude any proteins from representation in the library.
Library Construction Strategy
The library construction procedure is depicted in Figure 1 . An aliquot of DNA derived from each plate-well was PCR-amplified in separate reactions
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Research Reports using vector-specific primer pairs. High-fidelity PCR enzymes were used, and the number of PCR cycles was limited, with the goal of keeping the rate of PCR-induced mutations to a minimum. Primers were positioned as close as possible to the cloning site in each vector, to minimize the amount of vector DNA sequence that would later need to be removed. A fraction of each reaction was analyzed by agarose gel electrophoresis to identify PCR failures. The PCR-amplified DNA was pooled and size fractionated by preparative agarose gel electrophoresis. Four size fractions (<1, 1-2, 2-3, and >3 kb), covering the entire range of insert sizes (∼0.3-8 kb), were recovered from the gel and then digested with nuclease BAL-31, an enzyme useful for controlled, progressive shortening of double-stranded DNA at both termini (25) . This treatment ensured removal of vector-derived as well as UTR-derived sequences, a step particularly important for cDNAs that contain upstream in-frame stop codon(s). BAL-31 digestion conditions were titrated carefully; the DNA was incubated at multiple time intervals based on the rate of enzyme digestion and on the length of 5′-UTRs found in each size fraction. This step guaranteed an essentially random representation of 5′ ends, with a population of clones either holding remnant 5′-UTR sequence or entirely devoid of 5′-UTR and missing various amounts of 5′ coding region. Because in the clone collection, on average, 3′-UTR is five times longer than 5′-UTR, most clones retained their native stop codons after BAL-31 treatment. At this point, the BAL-31 digested DNA was processed further in parallel via fulllength and random fragment paths as shown in Figure 1 .
For the full-length library construction process, each of the four DNA size fractions was processed separately. The BAL-31-treated DNA was incubated with T4 DNA polymerase to generate blunt ends, followed by DNA adaptor ligation to provide a common PCR amplification sequence. After clean-up by preparative gel electrophoresis, the DNA was amplified with PCR primers containing AD vector-compatible homologous recombination tails. The minimum practical number of PCR cycles was determined by prior cycle titration. To obtain the necessary quantity of amplified DNA, a large number of independent PCRs were performed in parallel, and the products were subsequently pooled prior to another round of preparative gel electrophoresis. To determine transformation efficiencies, DNA from each fraction was separately cotransformed with linearized AD vector DNA into yeast to generate recombinant preys via in vivo recombination (27) . DNA aliquots from the four size fractions were then mixed together at calculated ratios, normalizing for the number of clones represented in each fraction, average size, and transformation efficiency, with the ultimate goal of generating a library with equimolar representation.
For the random fragment procedure, DNA aliquots from the three larger size fractions were combined at equimolar ratios. Half of this material was 
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fragmented by sonication and the other half by digestion with CviJI, an enzyme that under atypical reaction conditions (CviJI**) cleaves DNA at most GC dinucleotides (26) . The reaction conditions were adjusted to yield DNA ranging in size from 0.3 to 2 kb. This DNA was then further processed using the same steps as described for the full-length process to generate DNA fragments fused to DNA sequences directing recombination with the AD vector. DNA from both processes was combined at an estimated molar ratio 20:1 in favor of material from the random fragment procedure, so that for each full-length insert, there would be approximately 20 random fragments of that same insert represented in the library (DNA derived from sonication and CviJI digestion was combined at an equal weight ratio). Since the <1 kb fraction was not included within the random fragment material, additional DNA from the full-length <1 kb fraction was added to the final pool to ensure equimolar representation of all clones. A large-scale cotransformation of this final DNA pool together with linearized AD vector DNA into yeast generated our RAFL Y2H library. The incubation time before harvesting the yeast colonies was kept as short as possible to minimize loss of normalization of the library due to differential colony growth rates.
Our library construction protocol can easily be tailored to conform to any other clone collection one would like to use as input material. The only parameter that needs to be adapted accordingly is the identity of the vector-specific PCR primer pair(s). In the future, as additional protein-coding clones become available, it is easy to combine the new clones with the previously amplified clones and produce new library(s) of increasing complexity. Our procedure is also compatible with any Y2H prey vector of choice, by simply adapting the sequences of the tailed PCR primers so they match with the prey vector for efficient in vivo homologous recombination to occur (27) . Furthermore, this library construction method also lends itself to non-nuclear two-hybrid systems, such as the membrane two-hybrid system (33, 34) . For that system, the use of clones/libraries that express full-length proteins is generally essential, and our protocol would be simplified by requiring only the full-length process.
Library Characterization
By analyzing a fraction of each separate PCR by agarose gel electrophoresis, we kept track of the PCR success rate. After optimization of the PCR parameters (see the Materials and Methods section), <5% of the wells failed to give rise to a visible PCR product as assessed by ethidium bromide staining. PCR bands were visually inspected and assigned as exhibiting strong (84% of reactions), weak (10% of reactions), or very weak (2% of reactions) staining intensity. Based on a PCR success rate of 95%, we estimate that approximately 10,000 different genes are represented in the RAFL library.
A total of 96 yeast transformants were randomly selected and assayed for insert size by colony PCR with AD vector-specific primers. None of the clones gave rise to a band size indicative of clones that contain no insert. Two of the 96 clones repeatedly failed to produce a PCR product, possibly due to the presence of longer inserts. The variation of insert sizes among the 94 clones ranged from 0.2 to 2.5 kb, with an average insert size of 0.8 kb.
A larger number of yeast transformants were randomly selected for DNA sequence analysis. Prey insert sequences were determined for 356 clones: 353 sequences matched 338 different human protein-coding genes, one clone encoded a human genomic sequence with no apparent ORF, and two sequences matched bacterial genes. As shown in Figure 2 , 11 genes were observed more than once (between two to four times). Of these 11 genes, 7 were represented in the MGC plates more than once (between 2 and 13 wells/gene). In conclusion, no gene was found to be highly overrepresented, indicating that the library construction procedure did not result in any dramatic departure from normalization. In comparison, sequencing of randomly picked colonies from cDNA libraries derived from double poly(A)-selected messenger RNA (mRNA) typically reveals abundantly expressed genes being overrepresented and a significant fraction of clones that do not match protein-coding sequences (data not shown). This observation is consistent with recent studies that reveal significant fractions of the human genome being transcribed, including into poly(A)-tailed RNAs that lack apparent coding function (35, 36) .
Library Test Screens and Retrieval of Interactors
To test the performance of the RAFL Y2H library, we performed Y2H screens using 24 baits derived from 10 different human proteins. Selection of these test baits was based on the following criteria: (i) each protein was to be represented by two or three baits with overlapping coordinates; (ii) all baits had to have been searched previously against several cDNA-derived AD libraries, in which the overlapping baits derived from the same protein had retrieved at least one common interactor; and (iii) at least one bait from each set of overlapping baits had previously retrieved interactor(s) that were expected to be represented in the new library. These conditions allowed selection of baits that we knew were not self-activating (37) and were likely to form correctly folded fusion proteins, due to the fact that multiple overlapping baits interacted with identical prey(s). Furthermore, this experiment was designed to explore if the RAFL library could yield novel interactions not identified in previous screens and determine what fraction of "expected" interactions could be reproduced. An expected interactor was defined as a protein previously identified as an interactor in an Y2H experiment that was likely to be represented in the RAFL library because its gene was included on the 183 MGC plates and a visible band was observed after PCR amplification. All baits were screened twice against the RAFL library. The identities and amino acid coordinates of the 24 baits are listed in Table 2 .
The results obtained from the Y2H screens are summarized in Table 3 . We report a total of 31 prey interactors that Every row identifies one interaction pair. The Bait IDs in the left-most column refer to the baits as defined in Table 2 . The abbreviations listed in the right-most column are defined as follows: e+, expected and found, the interactor was retrieved from cDNA and random and full-length (RAFL) libraries; e-, expected not found, the interactor was only retrieved from cDNA library(s); n, new, the interactor was only retrieved from the RAFL library; lit, the interaction has been identified and reported independently; lit*, interaction with orthologous or paralogous protein partners has been identified and reported independently; 1s, identified in a single search. 
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were retrieved from the new library, of which 17 had not been retrieved from cDNA libraries (indicated as n in Table  3) , and the remaining 14 were expected interactors (indicated as e+ in Table 3 ). The vast majority of interactors were obtained from more than one search, with only three interactors identified from a single search (indicated as 1s in Table 3 ). There were 12 interactions that we expected to find that were not retrieved from the RAFL library. Five of these had only been previously retrieved as solitary clones from a single cDNA library search (singletons). Since, in the absence of any corroborating evidence, Y2H singletons generally are more likely to represent false positives, and since we found no supporting evidence for any of these five interactions in the public domain, they have not been included in Table 3 . As a comparison, of the 14 expected interactors that were retrieved from the new library, only 2 had previously been retrieved as singletons. Another 6 missed expected interactors were not singletons, and one missed singleton represented a published interactor. Clones derived from these 7 genes (indicated as e-in Table 3 ) may be underrepresented in the RAFL library. As described above, several measures were taken to minimize loss of normalization during library construction. Nevertheless, there are several steps in which introduction of bias could not entirely be avoided⎯ in particular the two steps that involve PCR amplification as well as the yeast growth step prior to harvesting of the freshly prepared library. For all interactions listed in Table 3 , multiple prey clones with overlapping coordinates were obtained, and 14 of the 38 interactions have independent support from the public domain (indicated as lit or lit* in Table 3 ). Therefore, this list represents a high confidence set of interactions.
The library construction strategy we used is not compatible with directional cloning, so half of all inserts are cloned in the incorrect orientation. It is therefore straightforward to identify search results that represent random noise, because these are the searches with equal representation of clones in either orientation. But even searches with good interactions can present with a background of random noise. We observed a background of singletons in about one-half of our searches with the 24 test baits (data not shown). On average, about one-third of the singletons were in the incorrect orientation, indicating that the majority of singletons do not represent valid interactions. Ignoring singletons retrieved from our normalized clonederived library is likely to reduce false positives at the expense of slightly increasing the rate of false negatives in some searches. In comparison, weighing the balance between false positives and false negatives is more difficult for singletons retrieved from cDNA libraries, and these cannot be dismissed as easily. Singletons retrieved from non-normalized cDNA libraries are more frequent occurrences, due to the fact that many genes are represented at low abundance.
In conclusion, our RAFL Y2H library provides a useful complement to our existing suite of cDNA libraries. The new library performs qualitatively as predicted, retrieving expected interactors and, more importantly, interactors not previously obtained from cDNA library searches. Furthermore, the use of clone-derived normalized Y2H libraries can be expected to reduce the number of false positives that are reported. With the continued expansion of protein-coding clone collections, the usefulness of such Y2H libraries is poised to increase, and these types of clone-derived Y2H libraries can be expected to eventually replace cDNA libraries.
